3 1 process in infection, initiating chlamydial replication. As Chlamydia fail to replicate 3 2 outside the host cell it is currently unknown how the transition from EBs to RBs is 3 3 initiated. Here we show in a cell-free approach in axenic media that uptake of glutamine 3 4 by the bacteria is critical to initiate EB-RB transition. These bacteria utilize glutamine to 3 5 synthesize cell wall peptidoglycan which has recently been detected in the septa of 3 6 replicating intracellular Chlamydia. The increased requirement for glutamine in infected 3 7 cells is achieved by reprogramming the glutamine metabolism in a c-Myc-dependent 3 8 manner. Glutamine was effectively taken up by the glutamine transporter SLC1A5 and 3 9 metabolized via glutaminase. Interference with this metabolic reprogramming limited 4 0 growth of Chlamydia. Intriguingly, Chlamydia failed to produce progeny in SLC1A5 4 1 knockout mice. Thus, we report on the central role of glutamine for the development of 4 2 an obligate intracellular pathogenic bacterium and the reprogramming of host glutamine 4 3
cellular metabolism 10 , in particular mitochondrial glutamine metabolism 11, 12 , and plays a role 1 7 2 in apoptosis inhibition in Chlamydia-infected cells 13 . We therefore examined the levels of c- (Fimb cells) ( Supplementary Fig. 3b,c) , and human osteosarcoma U2OS cells (Supplementary ( Supplementary Fig. 3e-g) .
We next investigated the potential mechanisms that could be involved in the observed infection ( Supplementary Fig. 3h ). In addition to transcriptional regulation, phosphorylation of do not initiate the conversion to RBs under these conditions. Here we provide evidence that 2 8 2
Gln is the key metabolite that initiates peptidoglycan synthesis and the EB to RB transition. The concentration of Gln in uterine fluid is as low as 0.13 mM 26 , however, inside cells Gln 2 8 4 reaches levels of 2 to 30 mM 27 . The findings that Chlamydia selectively take up Gln for 2 8 5 peptidoglycan synthesis and the pattern of Gln concentrations outside and inside of cells 2 8 6 support our hypothesis of Gln as the metabolic trigger for EB to RB transition. Our finding that L-glutamine serves as a crucial amino acid for the replication of Chlamydia 2 8 8
corroborates previous findings 28, 29 . Many of the glutamine-derived intermediates in Chlamydia 2 8 9 serve as precursors for peptidoglycan biosynthesis ( Fig. 1d and supplementary Fig. 1d )
underlining the central role of glutamine for the chlamydial metabolism. Chlamydiae do not 2 9 1 form a peptidoglycan sacculus typical for other Gram negative bacteria but only assemble 2 9 2 peptidoglycan rings in the mid-cell of actively dividing RBs.. We detected the accumulation of 2 9 3 peptidoglycan for the first time also in Chlamydia outside of host cell but only in the presence 2 9 4
of Gln ( Fig. 1f.g) , where we also observed a change in the morphology of the EBs (Fig. 1e ). Peptidoglycan accumulated in or close to the bacteria and was not assembled as a ring which 2 9 6 could indicate that the crosslinking of the peptidoglycan disaccharide pentapeptide did not 2 9 7
occur in this setup. The lack of lipids, which they normally acquire from the host for stabilizing 2 9 8 the peptidoglycan ring, might explain this observation. The increase in the copy number of the 2 9 9 bacterial genomes ( Fig. 1h) , however, indicated a start of the replicating machinery. Chlamydia 3 0 0
is an auxotroph for nucleosides and may use the stored metabolites to initiate replication in 3 0 1 axenic culture. Chlamydia like many other obligate intracellular bacteria replicate in differentiated cells that run Chlamydia originate from the host cell, the metabolism of the cell has to drastically change to 3 0 6 meet the requirements of the infected cell. Glutamine is one of the most abundant amino acids 3 0 7
in serum and fast-growing cells take up glutamine to support anabolic metabolism at multiple 3 0 8 nodes, for example by using glutamine for protein synthesis, as a precursor for the synthesis of 3 0 9
other amino acids, as a nitrogen donor for nucleotide biosynthesis, for the production of In addition to glutamine transporters and glutaminase, we find other prominent c-Myc-3 2 7 regulated amino acid transporters like SLC43A1, SLC7A11, SLC15A4, SLC7A1, SLC3A2 and 3 2 8 SLC7A5 are also upregulated during infection ( Fig. 6a and supplementary Fig. 6a ), pointing to depleted cells. The provision of increased glutamine levels is essential, but not sufficient to 3 3 3 permit the complex cycle of chlamydial replication and development.
4
We show here the central role of glutamine in peptidoglycan biosynthesis, the initiation of the Myc-controlled metabolic pathways to support its intracellular lifestyle. The central addiction of innovative cancer therapy may prove to be also efficient in treating Chlamydia infection. were also performed using Chlamydia muridarium and Chlamydia pneumoniae. Chlamydia was 3 4 9 prepared as previously published. Briefly, Chlamydia were grown in HeLa229 cells using glass beads (15 mm) for 3 minutes (min) and centrifuged at 2000 g for 10 min to remove 3 5 2 the cell debris. The supernatant containing bacteria was collected and centrifuged at 24,000 g 3 5 3
for 30 min at 4°C. The pellet was washed and resuspended in SPG buffer (0.25 M sucrose/10 3 5 4 mM sodium phosphate/5 nM glutamic acid), aliquoted and stored in -80°C. Chlamydia EBs and 3 5 5
cell lines used in the study were verified to be free of Mycoplasma contamination via PCR. The the media was replaced with fresh RPMI containing 5% FCS, infected cells were cultured in 3 5 8
37°C and 5% CO 2 .
3 5 9
Culture of C. trachomatis in axenic medium
Chlamydia trachomatis L2 was propagated in HeLa229 cells, isolated, purified and incubated 3 6 1 in different axenic media as previously described (Mehlitz et al., 2016) . In brief, HeLa229 cells cells were scraped off, disrupted with glass beads and EBs were purified using 60-20% to 50 ml HBSS (Gibco 14025-050) pH-7.4, sterile filtered in 0.2 μm filter and stored at 4°C). for 30 min at 21,500 g at 4°C and supernatant was transferred to a new tube. Supernatant and 3 7 3 pellets were heat-inactivated (10 min at 90°C) and stored at -80°C for further analysis. butyldimethylsilyl)-N-methyl-trifluoroacetamide containing 1% tert-butyldimethylsilylchloride) 3 8 0 (MTBSTFA) at 70°C for 30 min. This solution was taken for analysis. Isotopologue profiling with Chlamydia from axenic culture:
Bacterial pellets were suspended in 1mL of methanol and were mechanically disrupted using a 3 8 7 ribolyser (3x20 sec 6.5 m/s). Afterwards the solution was centrifuged (10,000 g for 20 min, 4°C). subjected to acidic hydrolysis as described earlier 37 and protein bound amino acids as well as All derivatives mentioned above were analyzed by GC-MS using a GCMS-QP 2010 Ultra were computed by an Excel-based in-house software package according to 38 . The column was first developed at 100°C for 2 min, then using a gradient of 3°C min −1 to 234°C, The column was first developed at 150°C for 3 min, then using a gradient of 7°C min −1 to 4 0 8
280°C where it was hold for 5 min. Transmission electron microscopy.
Chlamydial EBs were incubated with the axenic medium with G6P and with or without Gln. supplemented with 5% FCS medium. The plasmids used in the study are described in the For this study HUVECs were seeded in triplicates, either uninfected or infected with C. with secondary antibodies coupled with HPR (Santa Cruz Bioscience) using ECL system proteasome inhibitor) to prevent co-precipitation of interacting partners of c-Myc. Lysates from 7 4 9 5 × 10 6 cells were prepared as described before and incubated with 3 µg anti-c-Myc antibody for 1 4 9 6 h at 4°C followed by incubation with protein G magnetic beads (Dynabeads, Thermo Fisher visualized by immunoblotting after probing against anti ubiquitin antibody. Chlamydia (MOI 1) for the mentioned period of time. The cells were washed with ice cold PBS.
0 3
The cells were scraped into a falcon. The cells were centrifuged and re suspended in buffer for 10 min at 4°C, the pellet containing the nuclear extract was lysed in 2x SDS-sample buffer 5 1 2 and analyzed using Western blot. The immunostaining was performed as described earlier. Briefly, HeLa229 and HUVEC cells 5 1 5
were grown on cover slips and infected with the indicated C. trachomatis strain at an MOI 1 for permeabilized with 0.2% Triton-X-100/PBS for 30 min. Samples were blocked with 2% 5 1 8 FCS/PBS for 1 h. All primary antibodies were incubated for 1 h at room temperature. Primary 5 1 9
antibodies were used in the following dilutions in 2% FCS/PBS: anti-HSP60 (1:500), c Myc 5 2 0
(1:200). Samples were washed three times and incubated with a Cy2-/Cy3-/Cy5-conjugated 5 2 1 secondary antibody for 1 h in the dark. The cells were mounted on microscopic slide using 5 2 2
Mowiol. Slides were air dried for at least 24 h and examined using Leica DM2500 fluorescence 5 2 3 microscope, the images were analyzed using LAS AF and Image J software.
2 4
Inhibitor studies 5 2 5
Hela229 cells were grown in the RPMI1640 +GlutaMAX TM or in the basic DMEM medium Libraries for RNA Seq were generated using NEBNext® Ultra™ RNA Library Prep Kit for 5 3 4
Illumina® with 12 PCR cycles for amplification and sequenced on Illumina NextSeq500 5 3 5 platform. FASTQ generation was carried out using CASAVA and the quality check was 5 3 6 performed using FastQC. Reads from FASTQ files were aligned to hg19 genome using Bowtie2 5 3 7
and differential gene regulation calculation was carried out based on edgeR algorithm. Counts of reads normalized to library size were used for carrying out Gene Set Enrichment Analysis origin. J Gen Microbiol 129, 2001-2007, doi:10.1099/00221287-129-7-2001 (1983) . interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 15545- in axenic media containing G6P with or without Gln. After 2 h NADH levels were measured as into Chlamydia for DAP biosynthesis. intermediates generated by the first, second and third round of the cycle, respectively.
Alternatively, host cells can also use reductive carboxylation of Gln-derived α-KG to generate 8 5 1
M+5 citrate (Cit), which is further converted to oxaloacetate (Oxa) by the host cell metabolism. its catabolism to provide metabolic intermediates for bacterial growth. HeLa229 cells were infected with either C. trachomatis serovar D (e), C. pneumoniae (f) or C. cytoplasmic fraction and Histone for nuclear fraction. Chlamydia at an MOI 1 for 30 h. The cells were lysed and analyzed by Western blotting for with Chlamydia for 30 h and the cells were lysed with glass beads. Different dilutions of the 8 8 5 
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